Platinum-based chemotherapeutic agents induce the formation of crosslinks in DNA, which are accepted as being responsible for the cytotoxicity of these agents. In this study, we used a modification of the alkaline comet assay for detection of the presence of DNA crosslinks in vitro caused by cisplatin, and in peripheral lymphocytes of patients with non-small cell lung carcinoma undergoing chemotherapy with platinum derivatives. The comet technique modified for the detection of DNA crosslinks was calibrated in vitro by treating HeLa cells and human lymphocytes from healthy donors with different concentrations of cisplatin. A cisplatin dose-dependent formation of DNA crosslinks was observed in in vitro measurements using 10-200 µM concentrations of cisplatin. Lymphocytes from cancer patients were also assayed for the formation and repair of DNA crosslinks. Evidence of crosslink formation and repair was observed in peripheral blood lymphocytes of all cancer patients in this study, although some inter-individual differences were observed in the response to chemotherapy and in repair of DNA crosslinks. We propose that monitoring the number of DNA crosslinks in peripheral blood lymphocytes might be a quick and sensitive method for monitoring a patient's sensitivity to this agent. Modification of the method by incubation of analysed cells with styrene oxide before crosslink analysis by comet assay extends the use of the method also to laboratories which have no facilities to use ionizing irradiation for introducing DNA breaks into the cells.
Platinum-based chemotherapeutic agents have been used in the treatment of various types of tumor (sarcoma, small cell lung cancer, lymphoma, ovarian cancer and other solid tumors) [1] . Cisplatin was the first platinum agent to be used in the clinical studies in the early 1970s and proved to be very effective in the treatment of several cancer types [1, 2, 3] . Cisplatin is classed as an alkylating agent -DNA binds to it by nucleophilic substitution, and is one of the substances which can cause crosslinking [4] . Cisplatin reacts with DNA by several mechanisms -most common is the reaction with guanine leading to the formation of intrastrand crosslinks (65% of DNA modifications). It has been shown that platinum-DNA adducts correlate with the disease response. Thus the capacity to repair DNA damage caused by platinum derivatives may reflect cellular sensitivity to this agent [5, 6] .
DNA damage in single cells can be determined by several methods (e.g. chromosome aberration test or micronucleus test). We performed our measurement using the comet assay test. The comet assay or single-cell gel electrophoresis (SCGE) assay is a rapid, sensitive and relatively simple method for detecting DNA damage at the level of individual cells [7] . This assay is now widely accepted as a standard method for assessing DNA damage in individual cells, and is used in a broad variety of applications including human biomonitoring, genotoxicology, ecological monitoring and as a tool to investigate DNA damage and repair in different cell types in response to a range of DNA-damaging agents [8] . The comet assay would be eminently suitable for use in clinical practice since it is a relatively simple and inexpensive technique, which requires only a small quantity of cells, and results can be obtained within a matter of hours [9] . Comet assay is a method specific for investigation of DNA damage, and is recommended for studies on reagents that cause DNA damage.
There have been many studies on patients under treatment for cancer, some of which were focused on the determination of crosslinks. Crosslinks are not readily detected with the standard protocol. In a modified version of the assay a fixed number of random DNA single-strand breaks are induced in cells by irradiation, causing the DNA to unwind in alkali before and during the electrophoresis [1, 5, 10, 11] . In another modification of the comet assay for measurement of DNA crosslinks, cells are incubated in the presence of methyl methanesulfonate [12] or H 2 O 2 [13] . In our study, we decided to use styrene oxide to induce breaks in the DNA. Styrene oxide is a major metabolite of styrene which forms adducts with DNA, predominantly at the N7 position of guanine. After incubation with cells it creates breaks in DNA [14] . There is a relatively quick repair of the resulting damage, about half of the breaks being repaired within 2-4 hours, and the repair being almost complete after 12 hours [15] . The ability of styrene oxide to create breaks in the DNA of mammalian cells has been confirmed in in vitro experiments and also in vivo [16, 17, 18] . Experimental studies have also shown that the dependence of the number of DNA breaks on the concentration of styrene oxide is almost linear [18] .
Materials and methods
Chemicals and reagents. All chemicals were purchased from Sigma Aldrich.
Cell culture. HeLa cells were obtained from Prof. Andrew Collins (University of Oslo, Norway). Cells were cultivated in the medium DMEM supplemented with 1% of fetal bovine serum, antibiotics and an antimycotic mixture (all ingredients from PAA laboratories, Austria). Cells were passaged twice weekly by trypsinisation in the ratio 1:10.
Cisplatin treatment of cells. Cells were separated into eppendorf tubes at a density of 1 million cells per ml. and incubated with different concentrations of cisplatin for 1h at 37°C for formation of the crosslinks. Freshly prepared solutions of cisplatin in DMSO were used to cell treatment.
Patients and ethical approval. Blood samples were obtained from five patients with non-small cell lung carcinoma stage 4. The patients aged were between 54 and 67. They were programmed for chemotherapy with the following protocol. Blood samples were collected from each patient during the 1 st and 3 rd cycles of chemotherapy: 1 day before starting the cycle, immediately after administration of the chemotherapy, and 1 and 7 days after completion of the chemotherapy cycle. The last control measurement was performed 3 weeks after the final (4 th cycle) completed course of chemotherapy. The study was conducted according to the guidelines laid down in the Declaration of Helsinki and all procedures involving human subjects were approved by the Ethics Committee of Charles University Medical Faculty in Hradec Kralove. Written informed consent was obtained from all subjects.
Lymphocyte preparation. Peripheral blood lymphocytes were obtained from heparinized blood and separated using LSM (PAA laboratories, Austria) according to the method of Boyum 1964 [19] . Peripheral blood lymphocytes were washed and re-suspended with PBS buffer and adjusted to 1 million cells/ml.
In the case of in vitro measurement of the induction of crosslinks, the isolated lymphocytes were re-suspended in RPMI medium (PAA laboratories, Austria) supplemented with 10% of fetal bovine serum and incubated for 1 h in the presence of various concentrations of cisplatin. The degree of crosslinking was estimated by comet assay (see below).
Comet assay. The comet assay modification described previously (Collins et al. 1997 [20] ) was used. Briefly, 35 µL of cell suspension (»35 000 cells) was mixed with 85 µL low meltingpoint agarose, spread onto an 85 µL high melting-point normal agarose pre-coated microscope slide and allowed to solidify at 4°C. Cells were lysed for 1 h in high salt and detergent. They were then exposed to alkali for 40 min to allow DNA unwinding and cleavage of alkali-labile sites. Electrophoresis was applied for 30 min at 4°C. The slides were then neutralized, stained with ethidium bromide and analyzed by fluorescence microscopy. Fifty cells were scored according to percentage Tail DNA by Lucia G analysing software (Laboratory imaging, Prague).
Measurement of crosslinks.
For the measurement of crosslinks we incubated lymphocytes with 200 μM styrene oxide to induce DNA breaks, which leads in untreated cells to the formation of comets containing about 80 -90% of DNA in the tail. When crosslinks are present in the DNA the alkali-induced unwinding is blocked (due to covalent binding to DNA) and the percentage of DNA in the tail is reduced accordingly.
Statistical analysis. Statistical significance in the differences between measurements was assessed by t-test and/or ANOVA test using GraphPad Prism 5.03 software (GraphPad Software, Inc., San Diego, California, U.S.A.).
Results
In vitro studies. Formation of DNA crosslinks in response to cisplatin was investigated in HeLa cells and in human peripheral lymphocytes by use of the modified alkaline comet assay that enables detection of these lesions.
HeLa cells and lymphocytes were incubated with varying concentrations of cisplatin (0 μM; 12,5 μM; 25 μM; 50 μM; 100 μM; 200 μM). The cells were then incubated for 1 hour in the presence of 200μM styrene oxide to induce DNA breaks, before being examined by comet assay. Cells not influenced by the cisplatin display comets containing about 80 -90% of DNA in the tail (65% in the case of HeLa cells). When crosslinks caused by cisplatin are present in the DNA the alkaline unwinding is blocked, and the percentage of DNA in the tail is reduced in a dose-dependent manner in both the HeLa cells and the human lymphocytes (Fig.1) . The highest incidence of crosslinks was observed with the highest concentrations of cisplatin -200μM.
In vivo studies. We investigated the level of DNA crosslinks in peripheral blood lymphocytes in five patients with nonsmall cell lung cancer during treatment with platinum derivatives. Peripheral lymphocytes were isolated from whole blood and examined by comet assay protocol modified with styrene oxide. Data were collected 1 day before the start of chemotherapy, during the 1 st and 3 rd cycle of chemotherapy, immediately after the end of chemotherapy, and then 1 and 7 days after completion of chemotherapy. The last control measurement was performed 3 weeks after the final (4 th cycle) completed course of the chemotherapy.
In this study, a significant reduction in percentage Tail DNA was found in all patients during the first and third cycle of the chemotherapy, indicating the presence of crosslinks. Measurement of DNA crosslinks in peripheral lymphocytes of patients with non-small cell lung carcinoma undergoing platinum derivative-based chemotherapy as a percentage of DNA in the tail of a comet in the alkaline comet assay. In each cycle: -1 stands for measurement before starting chemotherapy, 0 stands for measurement immediately after the administration of chemotherapy, 1 and 7 stands for measurement 1 and 7 days after administration of chemotherapy. Measurement at the end of therapy was performed 3 weeks after the last (4 th cycle) course of chemotherapy. The number of cells scored in each measurement was 50. A significant reduction of tail DNA after the chemotherapy indicated the presence of crosslinks in all patients was found in 1 st and 3 rd cycle (In measurement of patient 1, P value in 1st and 3rd cycle was <0.0001, in measurement of patient 2, P value in 1st cycle was 0,0456 and in 3rd cycle was <0.0001, in measurement of patient 3, P value in 1st and 3rd cycle was <0.0001, in patient 4, P value in 1st and 3rd cycle was <0.0001 and also in patient 5 (Fig. 5) , P value in 1st and 3rd cycle was <0.0001. Also residual crosslinks which persist at the end of chemotherapy were found in the DNA of peripheral lymphocytes in all patients, but only in the case of three patients the difference between measurement before and after the whole therapy was significant (in measurement of patient 1, P value in Mann-Whitney test was nonsignificant, in measurement of patient 2, P value in Mann-Whitney test was <0.0001, in measurement of patient 3, P value in Mann-Whitney test was nonsignificant, in measurement of patient 4, P value in Mann-Whitney test was 0,0098 and in measurement of patient 5, P value in Mann-Whitney test was <0.0001. The value of Tail DNA increased again after one week although it did not reach the baseline values. The response in patients showed a similar trend, although there appears to be high inter-individual variability. Fig.2 shows the course of the chemotherapy in one of the patients as a record of percentage Tail DNA caused by cisplatin crosslinking in every measured chemotherapy cycles. The complete results for all patients as a percentage Tail DNA are displayed in Table 1 . For better reproducibility of results, the decrease in percentage Tail DNA caused by crosslinking were calculated for measurements immediately after chemotherapy, 1 day after chemotherapy and 7 days after chemotherapy, using the formula published by Wynne et al. 2007 [21] . Results are displayed in Table 2 .
Discussion
Platinum-derived chemotherapeutic agents have been used in the treatment of various tumours. They induce the formation of DNA crosslinks, which are thought to be responsible for its cytotoxic effect [1] . The aim of this study was to assess the possibility of using modified comet assay to detect the presence of crosslinks or even to estimate the number of crosslinks in patients´ DNA introduced by platinum chemotherapy.
A modification of the comet assay test -incubation of HeLa cells and human lymphocytes with styrene oxide -was used for in vitro detection of crosslinks. Our results confirmed that the in vitro damage of DNA caused by the cisplatin depends on the concentration of cisplatin. In cells treated with styrene oxide a decrease in percentage Tail DNA values suggests the formation of crosslinks. Creation of crosslinks was observed at a concentration 12.5 μM of cisplatin in both HeLa cells and human lymphocytes, and the amount of crosslinking increased with increasing concentrations of cisplatin. The dependence on concentration of cisplatin in the creation of crosslinks in DNA in different cell types has been described previously. Authors of these studies confirm that there is positive linear correlation of cisplatin concentration with the number of established crosslinks in DNA [22, 23] .
The method was also used for in vivo detection of crosslinks in patients treated with platinum derivatives. The degree of crosslinking was measured during whole course of the chemotherapy, with sampling being carried out in each measured chemotherapy cycle before chemotherapy, immediately after chemotherapy, 1 day after chemotherapy and 7 days after chemotherapy. We found a significant reduction in percentage Tail DNA in all patients during the first and third cycle of the chemotherapy, suggesting the creation of crosslinks, which was comparable to the in vitro effect of cisplatin concentrations of 12.5-100 µM. The value of Tail DNA increased again after one week although it did not reach the baseline values. However this seems that crosslinks are partially repaired in this interval. These results are consistent with the results of Peng et al 1997 [24] , who studied the formation of cisplatin adducts in leucocytes of children in relation to pharmacokinetics. In this study it was demonstrated that the levels of cisplatin adducts increased during the 24h infusion and then declined over the next 24 h (24). The response in all patients showed a similar trend, although inter-individual differences were found. During the first cycle of chemotherapy we found only a small 19,23 Measurement of DNA crosslinks formation in patients with non-small cell lung carcinoma undergoing platinum derivative-based chemotherapy as a percentage of DNA in the tail of a comet in the alkaline comet assay calculated by the formula published by Wynne et al. (21) . In each cycle: post chemo stands for measurement immediately after the administration of chemotherapy, 1 day and 7 days stands for measurements 1 and 7 days after administration of chemotherapy. Measurement at the end of therapy was performed 3 weeks after the last (4th cycle) course of chemotherapy. The number of cells scored in each measurement was 50. A reduction of percenatge Tail DNA showing the presence of crosslinks was found in all patients. The response in all patients showed a similar trend, however, some inter-individual differences were found. Residual crosslinks which persist at the end of chemotherapy were found in the DNA of peripheral lymphocytes in all patients. reduction in Tail DNA in two patients, and we suppose that the lower number of crosslinks may be related to the activity of DNA repair mechanism. This will be subject to further study. Increased repair of platinum-induced DNA damage is known to be one of the main mechanisms involved in resistance to these agents [25] .
Inter-individual differences between patients in the response to the chemotherapy may yield valuable information about patient status with respect to the level of DNA damage and DNA repair capacity, prior to application of another cycle of chemotherapy. In a study by Bosken et al [26] it was demonstrated that increased activity of the repair capacity (NER), measured in lymphocytes of patients with non-small cell lung cancer may be associated with lower survival [26] . On the other hand, some variability between individual patients has been confirmed in other studies [1] . Also, residual crosslinks which persist at the end of chemotherapy were found in the DNA of peripheral lymphocytes in all patients. This may bear some relation to the fact that in some studies performed on patients after chemotherapy it was found that DNA damage increases during treatment and remains elevated even at the end of treatment [27] .
Previous studies have found a good correlation between platinum DNA adducts in the blood and patient therapy outcome in tumours [28, 29] . We might propose that monitoring of DNA crosslink numbers in peripheral blood lymphocytes might be beneficial in assessing the sensitivity of the patient to this agent. Although DNA damage detected in peripheral blood lymphocytes can scarcely be equated to DNA damage in the solid tumour tissue, the relative quantity of crosslinks during the chemotherapy may be monitored as a valuable marker of the effect of the platinum drug on the patient´s immune-competent cells and to his health status. This may help to predict the efficacy of the chemotherapy and to tailor the ongoing treatment.
